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ABSTRACT 
Creep feed grinding is a type of grinding operation charecterized by very high depths 
of cut and very low feed rates. This has been a recent development, and its 
application has increased tremendously with the use of CBN grinding wheels. There 
is very little information available in the,, literature about the creep feed grinding 
process, and even they tend to be a comparison between the creep feed grinding 
process and the conventional grinding process, or a study of creep· feed grinding 
process using conventional Aluminium Oxide wheels. 
This study aims to compare and contrast the performances of resinoid, vitrified and 
electroplated CBN wheels in creep feed grinding. M42 and D2 tool steels were used 
as work materials. Responses such as specific energy, normal and tangential forces, 
and surface roughness are used as measures of performance. 
It is found that grinding with resinoid, vitrified and electroplated CBN wheels for 
creep feed grinding has its own advantages, but no single wheel can provide good 
finish, lower specific energy and high material removal rates all at one time. The 
selection of the type of wheel must be made depending on whether it is for finishing 
or forming operation. Wheel wear rate and residual stress measurements must also 
be included to evaluate the performance of these different wheels. 
The optimization of grinding operation not only requires the identification of 
operating parameters but also needs to satisfy simultaneously all competing 
1 
objectives such as maximal material removal rate, minimal surface roughness, 
normal forces, power and the capability of the machine. Models were developed for 
responses such as surface finish, power and the normal and tangential forces using 
Multiple Linear Regression methodology. These models in turn were used to obtain 
optimum cutting conditions to meet multiple objectives of maximizing material 
removal rate and minimizing surface finish simultaneously under a ·set of constraints 
using a Multiple Criteria Decision Making methodology. 
\ 
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CHAPTER 1 
INTRODUCTION 
1.1 Grinding - A definition: 
Grinding is a metal cutting operation performed by means of a rotating abrasive 
wheel that acts as a cutting tool. It is similar to many other commonly employed 
methods of material removal such as turning, milling, or shaping. In grinding, 
material is removed by a shearing process just as in any other cutting operation. In 
fact a grinding wheel may be considered as a multi-toothed milling cutter. However, 
certain important differences exist between the grinding process and other methods 
of material ~g!J)val. In most metal cutting processes a tool of known geometry and 
orientation is used, but in grinding the grains are at random locations on the wheel 
with random heights and have a negative rake angle. Further in grinding the size of 
the chip being small, and the specific energy is very high. 
1.2 Types of Grinding Operations: 
1.2.1 Surface Grinding: ~. 
Surface grinding is used to produce a flat surface. The work may be ground by either 
the periphery or by the end face of the grinding wheel. The workpiece is reciprocated 
at a constant speed in the same direction as the wheel( down grinding) or in the 
opposite direction of the wheel rotation( up grinding). 
3 
1.2.2 External Grinding: 
External grinding produces a straight or tapered surface on a workpiece. The work is 
rotated about its own axis between centers as it passes lengthwise across the face of 
a revolving grinding wheel. 
1.2.3 Internal Grinding: 
Internal grinding is used to finish holes and internal tapers. The workpieces are held 
by chucks and rotated about their own axis. The grinding wheel rotates in the 
opposite direction of the workpiece. 
1.2.4 Cen terless Grinding: 
Centerless grinding is used to grind cylindrical, tapered and formed surfaces on 
workpieces that cannot be held between centers. There are three principal elements: 
grinding wheel, regulating wheel and work rest. Both wheels are rotated in the same 
direction and the work rest is located between the wheels. The work is placed on the 
work rest and is moved axially past the grinding wheel by tilting the regulating 
wheel at a slight angle. 
1.3 Grinding Wheels: 
A grinding wheel is composed of a large number of small abrasive particles held 
together by a bond. The characteristics and performance of grinding wheels depend 
4 
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upon a number of significant variables which can be altered to obtain different types 
of wheels. Some of these factors will be discussed briefly, but this classification holds 
only for conventional grinding wheels. 
1.3.1 Abrasives: 
Abrasives are tiny particles which perform the cutting action in a grinding operation .. 
They could be natural or synthetic. Emery, corundum and diamond are examples of 
natural abrasives. Except for diamond which is used in certain special operations, 
most of t·he abrasives used are synthetic. The common ones are Aluminium Oxide 
and Silicon Carbide, but diamond and cubic boron nitride are becoming more 
prevalant. The ideal abrasive for a grinding operation should possess a high 
resistance to point wear, but be friable enough to fracture when seriously dulled. 
Furthermore, after the grit can no longer present new sharp edges by microfracture, 
it should break from the surface to expose fresh grains. 
1.3.2 Grit Size: 
The size of the abrasive grain is designated by a number corresponding to the 
number of openings per linear inch in the screen used to size the grain. A single 
number generally indicates only an average grain size. The shape of the grain is not 
differentiated by the grain size. The size of the abrasive grain in a grinding wheel 
depends on the amount of material to be removed, the finish desired, and the 
hardness of the material to be ground. In general coarse wheels are used for higher 
material removal rate. Fine grained wheels are used when finish is an important 
5 
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consideration. Coarse wheels are used for soft and ductile materials while fine 
grained wheels are used for hard and brittle materials. 
1.3.3 Bonds: 
A bond is an adhesive substance that holds abrasive grains together in a matrix. The 
bonds can be vitrified, resin, metal, electroplated and shellac. 
1.3.4 Grade: 
The grade or hardness of a wheel indicates the relative strength of the bond which 
holds the abrasive grains in place. For a given bond material, the wheel grade is 
determined by the amount of bond used. The hardness of the wheel increases with 
the number of bond posts holding each grain to its neighbours. Wheel grade is 
indicated by letters from A to Z, A being the softest wheel and Z the hardest. 
1.3.5 Structure: 
Structure indicates the relative spacing between the grains in the wheel. Structure is 
indicated by numbers from O to 12. Low structure number indicates close packing of 
the grains. The primary purpose of structure is to provide chip clearance and it may 
be open or dense. Soft, tough and ductile materials and heavy cuts require a open 
structure, whereas hard and brittle materials and finishing cuts can be performed 
with a dense structure. 
6 
CHAPTER 2 
CREEP FEED GRINDING 
2.1 Definition of the Process: 
Creep feed grinding is basically a stock removal process, although, depending on 
requirements it can produce parts which require no further finishing operation. 
Traditionally, grinding has been considered as a finishing process only; it has been 
used to produce a good finish and dimensional accuracy on a component which has 
been subjected to preliminary machining operations. The development of creep feed 
grinding has been part of a trend to extend grinding from this role to one which 
encompasses the preliminary stock removal operations as well as the finishing 
operation. 
Creep feed grinding is characterised by large depths of cut (1-10 mm) and low feed 
rates(l0-1000 mm/min). As a consequence of the high depth of cut, a large arc of 
contact results. To prevent work burn, adequate coolant has to be used. 
2.2 History of its development: 
Creep feed grinding is a comparitively recent development, entering large scale 
industrial production in the late 1960's and early 1970's. Despite its recent arrival, 
its exact origins are obscure. However, it seems that creep feed grinding originated 
from two other processes. The first of these was milling, and early tests were 
7 
I 
' 
performed ·by replacing the milling cutter on a milling machine with a grinding 
wheel. The second process, electrolytic grinding, was used to make deep cuts but 
creep feed grinding developed as a process which replaced the electroytic action by 
the grinding action. 
Initially, creep feed grinding was used mainly in the aerospace industry, where the 
materials used provided a natural opportunity for its application. The need for 
materials to have good fatigue and creep properties at high temperatures meant that 
components such as turbine blades for aircraft engines had t·o be made with nickel 
based alloys. These alloys were difficult to machine by traditional processes like 
milling and broaching and grinding became the best method to remove large 
amounts of stock. Following the successful application in the aerospace industry, 
creep feed grinding has spread to other industries. The successful synthesis of 
• 
superabrasives like diamond and CBN have accelerated the growth of creep feed 
grinding. 
·'., 
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CHAPTER 3 
LITERATURE SURVEY 
The present trend in industrial production is towards higher productivity with 
increased production for harder to machine materials. This has led to increas_ing use 
of grinding to solve more machining problems, especially with creep feed grinding. 
Using conventional grinding wheels like those of Al20 3 are not economically viable 
due to the high wear rate when grinding aerospace alloys and tool steels. Diamond 
and CBN abrasives have become popular to machine hard to grind materials because 
of very desirable properties like 
i) high hardness - provides greater ability to scratch, or indent another material[lJ. 
ii) high thermal conductivity - a large portion of the heat is dissipated through the 
wheel thus preventing workpiece burn[l-3]. 
\ 
iii) produces residual compressive stresses(3-6]. 
iv) low wear rate - longer wheel life[7]. 
Though both diamond and CBN possess these properties, the chemical instability of 
diamond in the presence of iron has made CBN the only alternative to machine hard 
to machine alloy steels. 
The grinding process typically depends on the nature of the grinding wheel. The 
grinding wheel is identified by the type of bond and the abrasive. In the case of CBN 
grinding wheels, three types of bonds are in use viz; electroplated, resinoid and 
vitrified. Tl1ough the physical and chemical properties of CBN abrasives have been 
well documented(l,2,8] the grinding performance of the different CBN 
9 
wheels have still not been very well understood. 
Until now research has been oriented towards 1) conventional grinding using CBN 
wheels and 2) Creep feed grinding using conventional wheels. It will be appropriate 
to review the work done in both these areas before proceeding to establish the aims 
for the present research work. 
The synthesis of CBN at GE Superabrasives and its desirable properties led people 
to explore the feasibility of CBN in surface and plunge grinding. The variables 
affecting grinding being many, a lot of researchers have studied the effect of some of 
these on the grinding performance in terms of the power drawn, normal and 
1 tangential forces, specific energy, surface finish, residual stresses and grinding burn. 
Malkin[3] in his paper has reviewed the trends in CBN grinding technology, w·hich is 
probably the most well documented source on the use of CBN grinding wheels for 
surface grinding. [6,9-12] also provide extensive documentation on CBN grinding 
technology. The grinding forces have been observed in the transient and steady state 
conditions when grinding with resin bonded CBN wheels. The initial forces are found 
to be high as grains were flattened by truing, but decreases and stabilizes as the 
grains become sharper. He suggests a stabilization operation to open up the wheels. 
He also observes that the finish is not very good but improves with finer grains. This 
is not without a compromise as the wear rate increases. All these observations are 
made from experiments with resin or metal bonded wheels. He expects that a 
dressing operation after truing may not be required with vitrified wheels because of 
the greater porosity of the wheels. Nathan P. N avarro[l3] feels that the success of 
10 
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vitrified bonded wheels over resin bonded wheels, in the near future, will largely be 
due to the heat resistance of vitrified bonds at temperatures when resin bonds will be 
damaged. A similar kind of bright future for vitrified wheels is also predicted in [14-
15). Further he adds that the vitrified bonds hold the abrasives better, leading to 
slower wear. This .could be a great advantage considering that microfracture is 
considered to be the main mechanism of wear in CBN grinding[3]. Bhattacharya and 
Hon[16] assessed the grindability of CBN wheels using heat treated bearing steel by 
varying the wheel speed from 20m/s to 60m/s. They found that the forces decreased 
with increasing wheel speed and increased with the· grain size. The surface finish 
achieved with electroplated wheels have been poor and inconsistent with hardened 
steels, though contrary evidence is available from Yegen.oglu 's[17] work with cast 
iron. Whether it can be explained based on the differences of workpiece material is 
something that should be looked into. There have been recent attempts to use 
electroplated bonded CBN wheels to save time and cost on truing and dressing. 
Truing and dressing has been a major concern when using CBN wheels. The 
·traditional methods of truing and dressing seem to fail or seem to be inefficient when 
used wit_h CBN wheels largely because the materials used for truing and dressing are 
softer than the CBN abrasives. There has been considerable work on this front both 
from academicians and wheel manufacturers themselves [18-22]. The most well 
known method of trueing CBN has been using a brake controlled trueing device. 
Linda A. Green[19] reports of the use of· motorized brake trueing device, rotary 
diamond trueing device, crush trueing device and dou hie steel rollers depending upon 
the specific application. She also discusses the advances in dressing operations with 
diamond dressers to meet the tough requirements of dressing CBN wheels. A more 
11 
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comprehensive discussion is provided by Meyer[23]. He discusses the advantages and 
disadvantages of dressing with diamond wheels, diamond profile rollers, diamond 
copy rollers and diamond crush rollers. It is well established that the form and 
severity of a dressing operation affects the performance of grinding wheels but how it 
exactly influences performance has not yet been explored completely. 
Let us now consider the developments of creep feed grinding using conventional 
wheels. The hardness of CBN abrasives and the low wear rate of CBN wheels in 
comparison to the conventional Al2o3 wheels led to higher material removal rates 
which is one of the characteristics of creep feed grinding. A reasonable amount of 
research has been done in the area of creep feed grinding with conventional wheels[4-
6,15,23-29]. Pearce and Howes[30] used plunge grinding to simulate creep feed 
grinding. Through these research, the characteristics of creep feed grinding and the 
differences between creep feed grinding and conventional grinding have been largely 
understood. Salje[31] highlights the differences between the two processes using 
models for roughness, forces and wheel wear as a function of the cutting time per 
cutting edge or as function of the speed ratio. The material removal rate is 
mai;q.tained at the same level for purposes of comparison. Creep feed grinding 
t 
produce higher cutting forces but better surface finish and lower wheel wear. Juchem 
and Cooley[26] feel that this improvement in surface finish could be due to the 
smaller chip thickness in creep feed grinding. There has also been some work done in 
-
the area of cylindrical and profile grinding[6,32-35]. There is enough work reported 
' 
on the manufacture of CBN abrasives for better performance[38-42]. 
There has also been sufficient work to study the differences in the up and down 
12 
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grinding mode[35-37]. Creep feed grinding carried in the up and down grinding 
modes did not produce any significant differences in power, forces or surface finish 
according to Cooley. It has been reported by Cooley that surface finish improves 
with larger rim width and does not vary with wheel speed or feed rate. On the 
contrary, Furukawa and Shiozaki[38] have shown that the tangential forces are 
smaller for down cut than with up cut. This is further explained by the same authors 
in another paper by utilizing the normal to tangential force ratio with a single grain. 
It is found that this ratio remains constant at 2.5 for down cut while for up cut it 
varies with the progress of the cut being 7.0 at the beginning of eng~gement. 
Juchem[26] observed that the maximum temperatures obtained with both up and 
down grinding were the same but the temperature distribution were different. Creep 
feed grinding causes greater arcs of contact due to high depths of cut involved. It 
has been observed that the temperatures are very high in the contact zone between 
the workpiece and the grinding wheel but the temperature is low in the newly 
generated work surface layer. This contradicts the explanation provided both 
analytically and experimentally by Werner. G[5] and Konig[22]. Residual stresses 
obtained in the subsurface layers and workburn are used as indicators in judging the 
surface integrity of the workpiece in any metal cutting process. The high 
temperature at the contact zone caused concern until it was established that plastic 
deformation similar to cold working caused compressive residual stresses in the 
workpieces. This has been confirmed by Werner[4], Tonshoff[6], and Malkin[3]. 
Powell and Howes[ll] have established the limiting heat transfer rate at which burn 
occurs by using the same procedures that are used to measure burn-out heat flux in 
boiling water system. 
13 
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It is clear that there has been reasonable amount of research which compares creep 
feed grinding to conventional grinding but no research has been carried out that 
compares one type of wheel with another when used in creep feed grinding mode. 
Some of the characteristics of creep feed grinding have been demonstrated clearly, 
not necessarily for CBN wheels. The objective of this research is to study the 
characteristics of creep feed grinding with resinoid, vitrified and electroplated CBN 
wheels and compare and contrast their behaviour when grinding tool steels alloys so 
as to enable the user to choose the right .kind of wheel for the right application. In 
ad-dition, experiments were also carried out to find out the need for a stabilization 
operation immediately after dressing for both resinoid and vitrified CBN wheels. A 
mathematical model was also developed to represent the surface finish, normal and 
tangential forces and the power drawn. These mathematical models were used as the 
basis for optimizing the creep feed grinding process for different applications. 
14 
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CHAPTER 4 
EXPERIMENTAL DETAILS 
4.1 COLLECTION OF DATA 
CBN wheels of diameter 7 inches and 0.125 inches in width were used in the present 
study. The workpiece used was M42 tool steel of dimensions (2. 75" x l" x 1"), as 
shown in Fig 2. A JUNG creep feed grinder was used to perform the grinding 
experiments. The details of the experiments are disc·ussed in Section 4.2. A special 
fixture was designed to hold the workpieces on top of a KISTLER 9257 three 
component dynamometer. Fig 1. shows the schematic arrangement of the set-up that 
was used for the collection of force data. This fixture held the workpieces rigidly 
during creep feed grinding operation. ADCOOL #3 was used as a coolant at a flow 
rate of 20 gallons/min. Wheel speed was maintained at 20m/s. A brake controlled 
truing device was used to true the resinoid and vitrified CBN wheels. This was 
followed by dressing with SiC sticks. A skilled operator dressed the wheel by holding 
the dressing sticks steady. Though the dressing conditions cannot be claimed to be 
identical it can be assumed that it was within experimental errors. The force 
components in the normal and tangential directions were sampled at 50, 100 or 200 
ms depending on the feed rate. The digitized data were stored on floppy diskettes 
and later transferred to the "CYBER" mainframe computer. A PERTHERN 
profilometer was used to measure the Ra and Rz values of the ground surfaces. 
15 
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4.2 EXPERIMENTAL DESIGN 
Experimental design is a very important part of any experimental project. It allows 
the experimenter to obtain maximum information from a minimum set of 
experiments. The minimum set of experiments is usually set by certain constraints of 
cost, availability of machine, material etc;. 
The aim of the experiment was to evaluate the performance of resinoid, vitrified and 
electroplated CBN grinding wheels in creep feed grinding. The normal and tangential 
forces obtained, power consumed and surface finish were used as criteria to evaluate 
performance. It is known from past experience, with conventional grinding, that 
these responses are dependent on one or more of the following factors 
i) mesh size. 
ii) concentration of abrasive in the matrix by volume. 
iii) depth of cut. 
iv) feed rate of workpiece. 
It was decided that each of the factors would be considered at three levels. Running 
all the combinations will require 81 individual experiments. Since the same amount 
of information can be obtained using a 34-l factorial design, the experiments were 
designed accordingly. AB2CD was used as the generator, where A, B, C, D are 
defined in Table 1. The values of each of these variables at the three levels cosidered 
are given in Table 2. Two. replicates were performed for each of these 27 
combinations. The same set of experiments were carried out for both the resin and 
the vitrified bonded CBN wheels as shown in Table 3. In the case of electroplated 
16 
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'' 1 
wheels, the concentration cannot be controlled with present manufacturing 
techniques and hence the concentration was not considered as a variable. So all the 
27 possible combinations were performed as shown in Table 4. 
A· 34-1 design ensures that the main factors and the 2 factor interactions are not 
aliased with each other as shown in Table 5. The main factors and 2 factor 
interactions alone have physical significance with respect to the grinding process. 
The higher order interactions of order 3 and more do not have any physical 
significance and so this experimental design seems to serve the purpose well. The 
data are shown in Tables 6-10. Once the data was collected, the significant effects on 
each response were studied and additional experiments were carried out to establish 
and validate some of the results. These set of additional experiments are shown in 
Table 11 and the corresponding data s~ts for M42 and D2 steels in Tables 12-17. 
19 
'·-l 
A - Mesh Size 
B - Concentration 
C - Depth of cut 
D - Feed Rate 
Description Qf the factors used ill the experiment 
A - 80/100, 120/140, 170/200. 
B - 75, 100, 125 (for resin). 
- 125, 150, 175/~for vitrified). 
C - 0.625, 1.25, 1.875 ( all in mm). 
D - 25, 50, 100 (all in mm/min). 
Values of the factors at the three levels considered 
......__--=-,__, - -
20 
I 
0000 0012 2221 
0101 0110 0021 
1100 0211 0122 
1002 1011 0220 
0202 1112 1020 
1201 1210 1121 
2001 2010 1222 
2102 2111 2022 
2200 2212 2121 
TABLE 3 
-
Details Qf the Experimental Design 
21 
.. 
Mesh Size Concentration Feed rate Depth Qf cut 
(mm/min) (mm) 
80/100 25 25,50,75 
80/100 50 25,50, 75 
80/100 100 25,50, 75 
120/140 25 0.625,1.25,1.875 
120/140 50 0.625,1.25,1.875 
120/140 100 0.625,1.2·5,1.875 
170/200 25 0.625,1.25,1.875 
170/200 50 0.625,1.25,1.875 
170/200 100 0.625,1.25,1.875 
TABLE 4 
----
Experiments with Electroplated CBN Wheels 
Q 
22 
·J 
> 
A + ABC2D2 + BC2D2 
A 2 + BC2D2 + ABC2D2 
B + ACD + ABCD 
AB + Ac2n2 + B2c 2o2 
A2B +CD+ AB2 c 2o2 
B2 + ABCD + ACD 
AB2 + AB2c2D2 + c2D2 
A 2B2 + BCD + AC2D 2 
C + AB2c2D + AB2D 
AC + ABCD2 + BD2 
A 2c + B2c2D+ ABD2 
BC + AC2 D 2 + ABD 
ABC + ACD2 + B2 D2 
A 2Bc + co2 + AB2o 2 
B2C + ABC2 D + A 2o 2 
AB2c + AB2cD2 + o2 
A 2 B2C + BC2 D + AD2 
c2 + AB2D + AB2C2D 
AC2 + ABD2 + BCD2 
A2C2 + ABCD2 + B2 D 
BC2 + ABC2 D + AD 
ABC2 + AD 2 + BC2D 
A 2Bc2 + AB2CD2 + D 
B2c2 + AC2 D2 + ABD 
AB2c2 + AB2o2 + co2 
A 2 B2C2 + BD + ACD2 
Aliasing Table 
TABLE Q 
23 
\ 
Mesh Cone Depth 
mm 
80/100 75 0.625 
120/140 75 0.625 
170/200 75 0.625 
80/100 100 0.625 
120/140 100 0.625 
170/200 100 0.625 
80/100 125 0.625 
120/140 125 0.625 
170/200 125 0.625 
80/100 75 1.25 
120/140 75 1.25 
170/200 75 1.25 
80/100 100 1.25 
120/140 100 1.25 
170/200 100 1.25 
80/100 125 1.25 
120/140 125 1.25 
170/200 125 1.25 
80/100 75 1.875 
120/140 75 1.875 
170/200 75 1.875 
80/100 100 1.875 
120/140 100 1.875 
170/200 100 1.875 
80/100 125 1.875 
120/140 125 1.875 
170/200 125 1.875 
feed Ra 
mm/min µm 
• 
25 0.83 
100 0.50 
50 0.44 
50 1.11 
25 0.52 
100 0.68 
100 0.30 
50 0.52 
25 0.81 
100 0.87 
50 ·o.48 
25 0.42" 
25 0.77 
100 0.56 
50 0.65 
50 0.28 
25 0.52 
100 0.66 
50 0.89 
25 0.52 
100 0.43 
100 1.03 
50 0.51 
25 0.60 
25 0.33 
100 0.49 
50 0.73 
EY 
N 
-
4.25 
17.63 
17.63 
2.69 
8.44 
8.11· 
35.62 
20.07 
12.10 
32.13 
16.13 
13.05 
7.20 
28.05 
13.69 
26.34 
13.90 
16,.03 
19.02 
11.66 
29.29 
24.63 
18.42 
10.66 
18.86 
48.96 
15.80 
' 
Fz 
-
N 
-
207.04 
154.09 
89.41 
39.30 
68.06 
57.80 
296.00 
82.66 
42.01 
322.45 
162. 79 
132.11 
40.98 
10.71 
138.35 
338.10 
130.00 
138.96 
175. 77 
197.86 
396.21 
189.32 
259.55 
128.54 
385.10 
416.49 
157.99 
Results Qf Factorial Experiment for Resinoid CBN Wheels 
with M42 Tool Steel :. Replicate 1 
TABLE 6 
-
24 
Power 
KW 
0.95 
1.80 
1.24 
1.05 
0.95 
1.14 
2.85 
1.24 
0.67 
3.42 
2.09 
1.62 
1.24 
3.14 
1.71 
3.33 
1.71 
1.90 
2.57 
2.28 
4.37 
2.66 
3.04 
1.71 
3.80 
4.37 
2.09 
(·, 
Mesh Cone Depth 
mm 
80/100 75 0.625 
120/140 75 0.625 
170/200 75 0.625 
80/100 100 0.625 
120/140 100 0.625 
170/200 100 0.625 
80/100 125 0.625 
120/140 125 0.625 
170/200 125 0.625 
80/100 75 1.25 
120/140 75· 1.25 
170/200 75 1.25 
80/100 100 1.25 
120/140 100 1.25 
170/200 100 1.25 
80/100 125 1.25 
120/140 125 1.25 
170/200 125 1.25 
80/100 75 1.875 
120/140 75 1.875 
170/200 75 1.875 
80/100 100 1.875 
120/140 100 1.875 
170/200 100 1.875 
80/100 125 1.875 
120/140 125 1.875 
170/200 125 1.875 
Feed Ra 
mm/min µm 
25 0.94 
100 0.51 
50 0.40 
50 1.01 
25 0.53 
100 0.68 
100 0.31 
50 0.46 
25 0.78 
100 0.75 
50 0.57 
25 0.40 
25 1.19 
100 0.48 
50 0.68 
50 0.29 
25 0.52 
100 0.71 
50 0.96 
25 0.52 
100 0.40 
100 1.14 
50 0.50 
25 0.63 
25 0.31 
100 0.45 
50 0.68 
EY 
N 
-
8.19 
19.76 
10.24 
11.39 
9.47 
12.91 
34.89 
14.·37 
5.19 
29.47 
17.52 
14.13 
6.54 
27.62 
16.02 
27.90 
14.62 
14.08 
20.38 
11.66 
27.19 
25.71 
18.90 
10.59 
16.99 
31.58 
20.39 
Fz 
-
N 
-
207.04 
154.09 
114.92 
64.02 
68.06 
84.04 
332.13 
106.86 
45.27 
281.33 
183.88 
149.46 
52.83 
9.86 
146.81 
374.13 
152.16 
156.60 
202.40 
212.61 
384.83 
203.16 
278.16 
143.24 
413.54 
411. 72 
183.87 
Results Qf Factorial Experiment for Resinoid CBN Wheels 
with M42 Tool Steel :. Replicate ~ 
TABLE 7 
-
25 
Power 
KW 
0.95 
1.90 
1.33 
1.14 
1.14 
1.43 
3.14 
1.43 
0.76 
3.42 
2.09 
1. 71 
1.43 
3.23 
1.81 
3.52 
1.81 
2.19 
2.57 
2.47 
4.37 
2.95 
3.14 
1.81 
4.18 
4.56 · 
2.38 
) 
Mesh Cone Depth 
mm 
80/100 125 0.625 
120/140 125 0.625 
170/200 125 0.625 
80/100 150 0.625 
120/140 150 0.625 
170/200 150 0.625 
80/100 175 0.625 
120/140 175 0.625 
170/200 175 0.625 
80/100 125 1.25 
120/140 125 1.25 
170/200 125 1.25 
80/100 150 1.25 
120/140 150 1.25 
170/200 150 1.25 
80/100 175 1.25 
120/140 175 1.25 
170/200 175 1.25 
80/100 125 1.875 
120/140 125 1.875 
170/200 125 1.875 
80/100 150 1.875 
120/140 150 1.875 
170/200 150 1.875 
80/100 175 1.875 
120/140 175 1.875 
170/200 175 1.875 
Feed 
mm/min µm 
• 
25 0.74 
100 0.47 
50 0.62 
50 0.89 
25 0.61 
100 0.67 
100 0.46 
50 0.59 
25 0.53 
100 0.52 
50 0.60 
25 0.60 
25 0.88 
100 0.54 
50 0.71 
50 0.41 
25 0.64 
100 0.45 
50 0.54 
25 0.51 
100 0.49 
100 0.67 
50 0.50 
25 0.71 
25 0.38 
100 0.54 
50 0.40 . 
~ 
N 
-
5.68 
20.94 
8.53 
13.92 
5.35 
8.97 
23.71 
10.33 
5.45 
24.20 
18.66 
9.13 
13.38 
31.92 
9.82 
21.95 
14.42 
22.35 
17.34 
13.97 
28.84 
32.86 
19.17 
11.39 
16.78 
43.20 
15.34 
Fz 
-
N 
-
41.10 
106.5 
55.30 
42.80 
41.30 
47.10 
86.50 
62.50 
36.00 
152.20 
118.50 
66.80 
92.40 
225.80 
71.10 
135.10 
88.10 
133.60 
144.90 
127.10 
199.60 
235. 70 
175.20 
l/03.00 
129.30 
321.10 
123.90 
Results Qf Factorial Experiment for Vitrified CBN Wheels 
with M42 Tool Steel :. Replicate 1 
TABLE 8 
-
26 
Power 
KW 
0.57 
0.91 
0.57 
0.57 
0.57 I 
0.57 
0.80 
0.65 
0.57 
1.14 
0.87 
0.57 
0.57 
1.56 
0.65 
0.91 
0.57 
0.99 
0.95 
0.84 
1.52 
1. 71 
1.10 
0.61 
0.91 
0.57 
0.84 
f 
Mesh Qonc Depth Feed 
mm mm/min µm 
• 
80/100 125 0.625 25 0.41 
120/140 125 0.625 100 0.49 
170/200 125 0.625 50 0.48 
80/100 150 0.625 50 0.69 
120/140 150 0.625 25 0.56 
170/200 150 0.625 100 0.75 
80/100 175 0.625 100 0.35 
120/140 175 0.625 50 0.60 
170/200 175 0.625 25 0.47 
80/100 125 1.25 100 0.45 
120/140 125 1.25 50 0.61 
170/200 125 1.25 25 0.46 
80/100 150 1.25 25 0.63 
120/140 150 1.25 100 0.49 
170/200 150 1.25. 50 0.65 
80/100 175 1.25 50 0.36 
120/140 175 1.25 25 0.61 
170/200 175 1.25 100 0.48 
80/100 125 1.875 50 0.44 
120/140 125 1.875 25 0.53 
170/200 125 1.875 100 0.50 
80/100 150 1.875 100 0.71 
120/140 150 1.875 50 0.48 
170/200 150 1.875 25 0.55 
80/100 175 1.875 25 0.35 
120/140 175 1.875 100 0.55 
170/200 175 1.875 50 0.46 
Fy 
" 
N 
-
6.93 
23.92 
7.20 
8.53 
5.35 
8.06 
28.12 
8.46 
4.40 
27.87 
19.06 
8.91 
12.35 
29.23 
9.96 
24.36 
13.91 
20.37 
17.49 
14.27 
28.84 
33.32 
19.27 
11.38 
18.48 
39.47 
15.74 
fi 
N 
-
59.96 
137.82 
49.94 
51.60 
41.26 
45.65 
155.87 
52.20 
33.06 
192.39 
113.20 
67.34 
69.76 
211.13 
71.12 
182.51 
94.34 
122.92 
162.87 
131.33 
190. 72 
241.29 
172.08 
102.42 
172.16 
302.68 
134.99 
Results Qf Factorial Experiment for Vitrified CBN Wheels 
with M42 Tool Steel :. Replicate ~ 
TABLE 9 
-
27 
\ 
Power 
KW 
0.57 
0.91 
0.57 
0.57 
0.57 
0.57 
0.91 
0.65 
0.57 
1.18 
0.87 
0.57 
0.57 
1.56 
0.65 
0.87 
0.57 
0.99 
0.95 
0.84 
1.33 
1.71 
1.10 
0.68 
0.91 
0.57 
0.84 
' ·--1 
' ' 
" 
,. 
Mesh Cone Depth Feed & E.Y Fz 
-
mm mmLmin µm N N 
' 
-
-80/100 0.625 25 1.47 4.98 29.11 
120/140 0.625 25 1.06 3.47 24.32 
170/200 0.625 25 0.88 2.86 22.00 
80/100 0.625 50 1.60 6.44 36.67 
120/140 0.625 50 2.04 5.02 37.96 
170/200 0.625 50 1.38 4.27 21.12 
80/100 0.625 100 1.59 5.51 40.44 
120/140 0.625 100 1.33 7.55 35.15 
170/200 0.625 100 0.92 7.97 39.79 
80/100 1.25 25 1.44 8.10 39.20 
120/140 1.25 25 1.09 3.88 34.95 
170/200 1.25 25 0.88 4.17 33.11 
80/100 1.25 50 1.50 10.93. 63.42 
120/140 1.25 50 1.08 7.-69 46.34 
170/200 1.25 50 0.83 8.03 50.19 
80/100 1.25 100 1.57 14.09 90.44 
120/140 1.25 100 1.13 16.78 91.84 
170/200 1.25 100 0.84 16.66 72.72 
80/100 1.875 25 1.76 10.18 71.74 
120/140 1.875 25 1.31 6.11 50.10 
170/200 1.875 25 0.89 6.82 57.70 
80/100 1.875 50 1. 74 15.07 108.11 
120/140 1.875 50 0.88 11.89 88.66 
170/200 1.875 50 0.85 12.56 74.53 
80/100 1.875 100 1.73 20.53 158.67 
120/140 1.875 100 1.40 17.06 98.67 
170/200 1.875 100 0.99 20.21 87.93 
Results Qf Factorial Experiment for Electroplated CBN Wheels 
with M42 Tool Steel 
• ·, 
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·1 
Power 
KW 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.61 
0.57 
0.61 
0.57 
0.57 
0.57 
0.57 
1.06 
0.57 
0.91 
0.87 
0.91 
0.57 
0.57 
0.57 
0.80 
1.06 
0.99 
0.84 
0.87 
0.80 
Bond 
Resin 
Vitrified 
Mesh Size 
120/140 
120/140 
80/100 
80/100 
120/140 
120/140 
170/200 
170/200 
Concentration 
100 
100 
150 
150 
175 
175 
175 
175 
TABLE 11 
-
Feed rate Depth Qf cut 
(mm/min) (mm) 
25,50, 75,100 
50 
25,50,100,200 
50 
25,50,100,200 
50 
25,75,100 
50 
1.25 
0.625,1.25,2.5 
1.25 
0.625,1.25, 1.875,2.5 
1.25 
0.625,1.25,1.875,2.5 
1.25 
0.625,1.875,2.5 
Additional Experiments with Resinoid and Vitrified CBN Wheels 
29 
Depth 
mm 
0.625 
0.625 
0.625 
1.25 
1.25 
1.25 
1.875 
1.875 
1.875 
Feed Ra 
mm/min µm 
25 0.38 
50 0.29 
100 0.37 
25 0.29 
50 0.36 
100 0.33 
25 0.28 
50 0.33 
100 0.35 
Ex 
N 
-
8.56 
16.71 
27.81 
15.23 
21.82 
75.42 
16.67 
29.91 
114.39 
Fz 
-
Power Sp.en. MRR 
KW KJ/mma mma/mm.s N 
-
62.41 0.48 0.59 0.26 
101.37 1 .. 05 0.65 0.52 
158.26 1.05 0.32 1.04 
137.55 0.86 0.53 0.52 
16·2.18 1.05 0.32 1.04 
319.58 2.09 0.32 2.08 
173.74 0.95 0.39 0.78 
314.62 1.-11 0.35 1.56 
430.4 7 3.52 0.36 3.13 
Results Q! Additional Experiments with Resinoid CBN Wheels QI! M42 Tool Steel 
TABLE 12 
----
30 
Depth 
mm 
0.625 
0.625 
0.625 
1.25 
1.25 
1.25 
1.875 
1.875 
1.875 
Feed Ra 
mm/min µm 
' 
25 0.64 
50 0.47 
100 0.50 
25 0.42 
50 0.38 
100 0.32 
25 0.38 
50 0.37 
100 0.37 
E£ 
N 
-
5.56 
12.74 
19.99 
11.33 
20.74 
35.90 
11.83 
27.89 
46.48 
Fz 
-
Power Sp.en. MRR 
KW KJ /mma mma/mm.s N 
-
26.06 0.53 0.65 0.26 
65.27 0.95 0.58 0.52 
103.83 0.95 0.29 1.04 
81.78 0.72 0.44 0.52 
142.96 0.95 0.29 1.04 
237.82 1.62 0.25 2.08 
107.23 0.95 0.39 0.78 
258.83 1.81 0.37 1.56 
370.58 2.38 0.24 3.13 
Results Qf Additional Experiments with Vitrified CBN Wheels on M42 Tool Steel 
TABLE 13 
-
31 
. ' 
Depth 
mm 
0.625 
0.625 
0.625 
1.25 
1.25 
1.25 
1.875 
1.875 
1.875 
Feed Ra 
mm/min µm 
25 1.47 
50 ·1.60 
100 1.60 
25 1.44 
50 1.49 
100 1.57 
25 1.76 
50 1.74 
100 1.7·3 
EY 
N 
-
5.00 
6.44 
5.51 
8.10 
10.93 
14.09 
10.18 
15.07 
20.53 
Fz 
-
Power Sp.en. MRR 
KW KJ /mm.a mm.3./mm.s 
' 
N 
-
29.11 0.57 0.70 0.26 
36.67 0.57 0.35 0.52 
40.44 0.61 0.19 1.04 
39.20 0.57 0.35 0.52 
63.42 0.57 0.18 1.04 
90.44 0.91 0.14 2.08 
71.74 0.57 0.23 0.78 
108.11 0.80 0.16 1.56 
158.67 0.84 0.09 3.13 
Results Qf Additional Experiments with Electroplated CBN Wheels Q!1 M42 Tool. 
Steel 
TABLE 14 
-
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• 
Depth - Feed Ra 
mm mm/min µm 
I 
0.625 25 0.35 
0.625 50 0.31 
0.625 100 0.31 
1.25 25 0.26 
1.25 50 0.30 
1.25 100 0.30 
1.875 25 0.27 
1.875 50 0.31 
1.875 100 . 0.30 
\ 
.EY 
N 
-
16.13 
20.98 
17.15 
29.48 
26.05 
28.65 
37.26 
125.43 
91.29 
Fz 
-
N 
-
68.59 
144.9 
123.44 
154.42 
113.32 
233.31 
180.63 
334.86 
268.25 
Power 
KW 
0.57 
0.95 
1.05 
0.95 
0.86 
1.90 
0.67 
1.62 
3.23 
Sp.en. MRR 
KJ /mma mm.3./mm.s 
0.70 0.26 
0.58 0.52 
0.32 1.04 
0.58 0.52 
0.26 1.04 
I 0.29 2.08· 
0.27 0.78 
0.33 1.56 
0.33 3.13 
Results Qf Additional Experiments with Resinoid CBN Wheels Q!l D2 Tool Steel 
33 
Deoth Feed Ra 
mm mm/min µm 
0.625. 25 0.47 
0.625 50 0.44 
0.625 100 0.39 
1.25 25 0.42 
1.25 50 0.28 
1.25 100 0.34 
1.875 25 0.39 
1.875 50 0.35 
1.875 100 0.32 
EY 
N 
-
11.97 
21.53 
16.52 
14.44 
30.46 
43.68 
38.02 
77.93 
43.25 
Fz 
-
Power So.en. MRR 
KW KJ lmm.3. mm.3./mm.s 
V t 
N 
-
40.91 0.57 0.70 0.26 
99.72 0.86 0.53 0.52 
122.52 0.95 0.29 1.04 
70.28 0.67 0.41 0.52 
184. 76 1.05 0.32 1.04 
317.03 1.52 0.23 2.08 
145.01 0.95 0.40 0.78 
280.42 1.71 0.35 1.56 
304.24 2.28 0.23 3.13 
Results Qf Additional Experiments with Vitrified CBN Wheels Q!! D2 Tool Steel 
TABLE 16 
-
34 
Depth Feed Ra 
mm mm/min µm 
0.625 25 0.85 
0.625 50 0.67 
0.625 100 0.61 
1.25 25 0.63 
1.25 50 0.60 
1.25 100 0.66 
1.875 25 0.64 
1.875 50 0.55 
1.875 100 0.59 
fr 
N 
-
3.00 
9.74 
15.03 
6.16 
16.44 
23.91 
13.12 
25.47 
38.90 
Fz 
-
Power Sp.en. MRR 
KW KJ Imm.a. mm.3./mm.s 
I 
N 
-
133.63 0.57 0.70 0.26 
55.24 0.67 0.41 0.52 
112.11 0.57 0.18 1.04 
31.69 0.57 0.35 0.52 
87.95 0.67 0.20 1.04 
142.64 0.86 0.13 2.08 
57.99 0.57 0.23 0.78 
127.74 0.95 0.19 1.56 
241.80 0.95 0.10 3.13 
Results .Qf Additional Experiments with Electroplated CBN Wheels Qil D2 ·Tool Steel 
TABLE ll 
35 
. 
• 
•, 
CHAPTER 5 
OFF LINE OPTIMIZATION OF CREEP FEED GRINDING 
The optimum selection of grinding wheel and grinding conditions can be achieved 
only with the help of a mathematical model. Every process engineer has to make 
crucial decisions regarding the operation strategy. They are normally confronted 
with objectives like maximizing production rate at the lowest cost or providing the 
customer with a better quality than the competitor at a lower cost. These decisions 
can be made only if there g; an understanding of the manufacturing processes, the 
parameters that affect them and the trade-offs that have to be made. To make an 
intelligent decision, the optimum machining conditions have to be determined. The 
selection of optimum conditions is a real challenge to the engineer on the shop floor 
who has to rely on his practical experience to make a decision on the operating 
conditions, at times without proper models. In the case o{ manufacturing processes 
of recent origin like creep feed grinding, there is a sad dearth of apriori knowledge. 
It was observed that grinding with resinoid, vitrified and electroplated CBN wheels 
for creep feed grinding has its own advantages, but no single wheel can provide good 
finish, lower specific energy and high material removal rates all at one time. This 
observation necessitated the need to come up with optimum conditions which vary 
depending on the set of objectives and constraints. 
An attempt is made to provide a technique to obtain optimum machining conditions 
when a set of competing objectives have to be met dictated by a certain set of 
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constraints. Also the models have to be simple for engineers to use on the shop floor 
and should consume very little time. Models for surface finish, power drawn by the 
machine and normal and tangential forces have been developed for resinoid, vitrified 
and electroplated CBN wheels when creep feed grinding in the down grinding mode 
on M42 tool steel. These models were developed from data collected using a 
fractional factorial experiment designed with mesh size, concentration, feed rate and 
depth of cut each at three levels. Then the models were solved for optimum 
conditions using a Multiple Criteria Decision Making methodology. 
5.1 CREEP FEED GRINDING - A MATHEMATICAL MODEL 
--
A Multiple Linear Regression Analysis was carried out to develop the models and 
the SAS software package was used for this purpose. Mesh size(m), concentration(c), 
feed rate(f) and depth of cut( d) were used as the independent variables in the model. 
Surface Finish(Ra), tangential force(F y ), normal force(F z) and power(P) were the 
dependent variables. In the case of electroplated wheels alone concentration was not 
one of the factors for reasons stated earlier. Interactions b·etween the independent 
variables also figured in the model making it rather clear that the grinding process 
has a complex dependency on the wheel, work and machine interaction. The models 
developed were statistically significant at 99% and seem to fit the data well for the 
range of experiments performed. The models are shown in Table [16-18]. Residual 
plots were plotted against predicted values, and against all the variables in the 
models and no pattern was observed. 
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Ra = 4.32 - 0.076 m + 0.00022 m2 + 0.00057 ID* c - 0.00024 c2 - 0.0000015 m2*c 
p = 7.56 - 0.20 C + 0.0013 c2 - 0.00037 ffi*C - 0.000004 lli*c2+ 0.64 d + 0.012 d*f 
F y = 343.67 - 2.02 m - 7.31 c + 0.039 c2 + 0.045 ID*C - 0.00024 m*c2 - 6.50 d 
+ 0.217 d*f - 0.00068 ID*f 
Fz = 4774.36 -23.91 m - 103.55 c + 0.55 c2 - 0.53 ID*C - 0.0029 m*c2 + 62.16 d 
+ 0.86 d*f 
Models for Resinoid CBN Wheels while grindimg M42 tool st~els 
TABLE 18 
-
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Ra = -4.66 -0.028 m + 0.095 c + 0.002 m2 - 0.00039 c2 
+0.0000012 ID*C2 - 0.0000013 m2*c 
p == 0. 70 + 0.0045 d*f - 6.43 ill*C2 
2 Fy == -6.14 + 0.284 m ~ 0.0013 m + 0.15 d*f 
Fz = -208.41 + 3.94 m - 0.0012 m 2 + -0.0088 m*c + 0.0048 c·2 + 0.95d*f 
+ 13.28 d2 
Models for Vitrified CBN Wheels while grinding M42 tool steels 
TABLE .ill 
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Ra = 1.6456 - 0.005 m*d + 0.24 d 2 
P = 0.4926 - 0.2258 d + 0.0134 d*f - 0.000089 d*f2 
Fy = 9.889 - 0.519 m - 0.1059 f + 0.00065 m*f + 0.1049 d*f 
Fz = -31.06 + 0.27 m + 53.468 d + 0.317 f - 0.253 m*d - 0.0026 m*f 
Models for Electroplated CBN Wheels while grinding M42 tool steels 
TABLE 20. 
-
• 
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Wl W2 
1 0 
0 1 
1 0 
1 1 
2 1 
1 .2 
1 1 
3 1 
1 3 
1 1 
W3 
0 
0 
1 
1 
1 
1 
2 
1 
1 
3 
Ra 
µm 
0.40 
0.40 
0.80 
0.80 
0.77 
0.77 
0.80 
0.62 
0.77 
0.80 
Power MRR 
KW mma/mm s 
. -
5.02 187.5 
5.02 187.5 
0.47 15.63 
3.34 187.5 
3.40 187.5 
3.40 187.5 
3.34 187.5 
3.78 187.5 
3.40 187.5 
3.34 187.5 
Results Qf Optimization 
TABLE 21 
-
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5.2 OPTIMIZATION METHODOLOGY 
Maximizing material removal rate, minimizing the value of surface finish and 
minimizing the power drawn were defined to be the set of competing objectives for 
which optimum conditions have to be obtained. The lower and upper limits of depth, 
'feed rate, mesh size and concentration used in the experiment were used as 
constraints. In addition a constraint was set on the highest value that the surface 
finish can have as a high value of roughness is indicative of a poor surface quality. 
Though additional constraints could have been imposed on the power drawn and the 
force components for mathematical complexity they would have been redundant in 
this case for the reasons mentioned below. All experiments were run within the rated 
power capability of the machine tool. Also one could assume that the rigidity of t·he 
machine tool was high enough since no vibrations were observed during the 
experimentation. Ofcourse, power drawn and the forces can be used as a constrant if 
the optimization .is carried out for a machine with lower power and/or lower rigidity 
than the one we used. 
MCDM problems can be solved with prior, progressive and no prior articulation of 
the preferences of a decision maker. For the purpose of developing comparitive 
grinding guidelines and for a broad base of widely varying industrial applications, the 
methods for no prior articulation of the decision maker's preferences were selected. 
The weighing method, proposed by Zadeh(lO] and used in this study, is one of the 
many available methods which can be used to obtain nondominated solutions when 
the objective functions and/or constraints are nonlinear. The method transforms the 
multiobjective problem into a single objective programming format and then, by 
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parametric variation of the parameters, the set of nondominated solutions can be 
approximated. The discusion presented in [8] about the assignment of weights is also 
incorporated. The procedure begins by optimizing each objective individually. After 
each objective is optimized, a systematic variation of the weights is adopted. That is 
each weight is varied from zero to some upper bound using a predetermined step 
size. The method presented by Cohen[ll] is utilized in the present st-udy· for checking 
the inferiority of the alternate optima, which might occur when one or more weights 
are set to zero. The trade-off between the accuracy of the nondominated solutions 
obtained and the efficiency of the methodology are determined by the upper bound 
and step size for each objective. 
The branch and bound method is used to solve the single objective nonlinear mixed 
integer problems. Based on [12], the most fractional integer variable is selected as 
the branching variable and the node with lowest bound is selected as the branching 
node. An algorithm based on the Generalized Reduced Gradient (GRG) method is 
·use.cl to solve the intermediate nonlinear continuous problem. 
5.3 DISCUSSION 
The example used in Table 21 clearly depicts the optimization methodology for a 
resinoid CBN wheel where the objectives and constraints are as follows: 
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Min: Wl * Ra - W2 * MRR + W3 * P 
s.t. 
80 < m < 180 
75 < C < 125 
0.625 < d < 1.875 
25 < f < 100 
Ra< 1.0 
Wl, W2, W3 - Weights associated with Surface Finish, Material Removal Rate, and 
Power. 
Ra = 4.32 - 0.076 m + 0.00022 m2 + 0.00057 ill* c - 0.00024 c2 - 0.0000015 m2*c 
p = 7.56 - 0.20 C + 0.0013 c2 - 0.00037 ID*C - 0.000004 ID*c2+ 0.64 d + 0.012 d*f 
MRR = d * f 
The nondominated solutions are given in Table 21 and the.y clearly show the trade-
offs that would have to be made depending on the importance of the particular 
objective to the decision making process. The power requirement increases with 
decrease in surface finish for the same material removal rates. Similar optimization 
models were developed with power also included as a constraint and by lowering the 
upper limit on the surface finish. It was observed that in those cases the power or 
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the surface finish turned out to be the dominating constraint and the optimal 
solution obtained remained the same irrespective of the weights used. Optimization 
models were developed for vitrified and electroplated CBN wheels also. 
Resinoid and vitrified CBN wheels have very similar optimal solutions for the kind of 
weights used. It was observed that for the objectives defined, m=(approx)130, 
c=125, d=l.875, and f=lOO were the optimal solutions for a lot of the weights 
considered. The electroplated wheels seemed to have a different value only as regards-
mesh size (m=180). 
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6.1 Discussion: 
CHAPTER 6 
RESULTS 
Analysis of variance(ANOVA) was performed for the responses such as power, 
surface roughness and forces for M42 tool steels using Yates algorithm(64]. The first 
order effects were found to be significant at 99% confidence levels·. The normal and 
tangential forces and power were found to be affected by the mesh size, 
concentration, feed rate and depth of cut. An increase in feed rate or depth of cut 
caused a corresponding increase in the forces. This can be explained by the increase 
in length of co.ntact with increase in depth of cut[5] and increase in the chip 
thickness with increase in feed rate. The normal force components were found to be 
4-6 times that of the tangential component for different feed rates Figs {3-8). On the 
other hand the normal component of forces is 4-10 times that of the tangential 
component when the depth is varied Figs {9-14). Coarser grit and or low 
concentration provide a small quantity of active grains per unit area leading to high 
cutting forces on each individual grain. This is entirely different from what is 
observed with conventional Al20 3 wheels due to large scale plastic deformation with 
CBN wheels[ll]. 
On the other hand, the surface finish seemed to be affected only by the mesh size 
and concentration. Finer grit and or higher concentration wheels have more grains 
per unit area on the wheel surface which generate smaller chip thickness leading to 
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smoother finish. The effect of feed and depth is negligible on the surface finish Figs 
(15-26). No vibration or chatter was observed as is commonly the case when 
grinding with resinoid and vitrified wheels in conventional grinding operations. It is 
also to be noted that no surface burns were observed eventhough the depths of cut 
were "-much higher than in conventional grinding. 
6.2 Wheel Stabilization: 
A typical SEM picture of a resin bonded CBN wheel of 120/140 mesh size and 75 
concentration and a vitrified bonded CBN wheel of 120/140 mesh size and 125 
concentration is presented in Figs (27 ,28) taken before and after stabilization 
respectively. The CBN crystals are protruding .more out of the bond after 
~-
stabilization. Similar observations have been noted for vitrified wheels. Hence it 
appears that resin and vitrified bonded CBN wheels need to be stabilized. It is not 
clear at this stage to suggest a good stopping point for stabilization, but would be a 
topic for future research. 
6.3 Comparisons: 
The performance of resin, vitrified and electroplated bonded wheels are compared 
against each other based on specific energy, forces and surface finish. Also the 
performance of these wheels when grinding M42 and D2 tool steels are discussed. 
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6.3.1 Vitrified vs Resin bonded CBN wheels 
Surface finish as observed in Figs (29,30) remains almost constant for different 
material removal rates. This trend is very similar to those observed for resin bonded 
wheels[9]. Surface finish improves with finer grain size and higher concentration 
because the envelope generated by the grains are more closely spaced. The surface 
finish obtained with resin bonded wheels are better than those obtained with vitrified 
bonded wheels for smaller removal rates but tends to be the same with higher 
material removal rates. Another interesting observation to note from Figs (29,30) is 
the improvement in surface finish with increasing material removal rates initially, 
but tending to a constant at higher material removal rates. This validates the 
ANOV A results from where depth and feed were found to have no influence on 
surface finish. 
The normal forces and tangential forces vary linearly with feed Fig 31, depth Fig 32 
and material removal rate Figs (33-37) for both vitrified and resin bonded wheels, 
but the values are lower for vitrified bonded wheels. For material removal rates 
higher than 1.5 mm3 /mmsec the forces increase steeply for both whee\s. This can be 
explained by the fact that the resin bonded wheels are harder than the vitrified 
bonded wheels. Further the forces and power in Figs (32,33) are higher with coar,ser 
grain. This kind of behavior is observed with lower concentration too. With coarser 
grain, the power is expected to be lower because of better coolant circulation but on 
the contrary the higher volume of material removed by each grain seems to have a 
greater influence. The specific energy decreases with increasing material removal 
rates for both vitrified and resin bonded wheels but vitrified wheels require lower 
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than resin bonded wheels as can be seen in Figs (39-40). 
6.3.2 Electroplated vs Resin bonded CBN wheels 
Surface finish with electroplated wheels, shown in Figs (29,30) do not follow any 
pattern with feed, depth or material removal rate. The reason could be that the non-
uniform distribution of abrasives on the wheel periphery causes differen.t number of 
abrasives to be in contact with the workpiece at different times during a single 
rotation of the wheel. This is in confirmation with the results reported by 
Koenig[lO]. Surface finish improves with finer grains for reasons similar to those of 
vitrified wheels explained in the previous section. The surface finish obtained with 
electroplated wheels are much worser than those obtained with resin bonded wheels. 
The power for electroplated wheels are about one third that of resin bonded wheels 
for the same material removal rates. The forces and specific energy plotted against 
material removal rate followed a similar trend as resin bonded wheels but they were 
always lower for electroplated wheels as seen in Figs (34-37, 39-40). 
6. 4 Comparison of M42 vs D2 Tool Steels: 
It can be observed from Figs (29-30, 34-37, 39-40) that the surface finish, tangential 
and normal forces and specific energy all follow a similar trend for the same type of 
wheel (ie) resin, vitrified and electroplated bonded wheels. But it should also be 
noted from Figs (29-30) that the surface finish obtained with D2 tool steel is much 
better than those obtained with M42 tool steel, especially with electroplated CBN 
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wheels. The specific energy is nearly the same for both M42 and D2 tool steels for 
resinoid, vitrified and electroplated wheels as can be seen in Figs (39-40). This is 
probably due to their hardness being almost the same. From Figs (34-37) it can be 
seen that the tangential and normal forces are not very much different between D2 
and M42 tool steels for identical conditions. 
6.5 Conclusions: 
It appears that electroplated CBN wheels provide highest rate of material removal 
compared to resin and vitrified bonded wheels due to. their low specific energies. 
Electroplated wheels have the worst finish but vitrified and resin bonded wheels give 
good finish which are comparable. The threshold normal force required for resin 
bonded wheels are the highest and lowest with electroplated wheels. The ratio of 
normal to tangential forces are much higher than with conventional grinding due to 
t-he large plastic deformation of the ground surface. 
It was also confirmed that the choice of tool steel will not make an impact on the 
choice of the type of CBN wheel. It is to be noted th-at both M42 and D2 have 
nearly the same requirements of specific energy for the same c_utting conditions, 
which could be attributed to their nearly same hardness. 
In conclusion it can be said that grinding with resin, vitrified and electroplated CBN 
wheels for creep feed grinding has its own advantages, but no single wheel can 
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provide good finish, lower specific energies and high material removal rates all at one 
time. The selection of the type of wheel must be made depending on whether it is 
finishing or forming operation. Wheel wear rate and residual stress measurement 
must also be included to evaluate the performance of these different wheel~. More 
tests are underway to determine these responses. 
As can be seen the optimization of grinding operation not only requires the 
identification of operating parameters but also needs to satisfy simultaneously all 
competing objectives ·such as maximal material removal rate,. minimal surface 
roughness, normal forces, power and the capability of the machine. Work is 
underway to optimize .the process using Multiple Criteria Decision Making. 
6.6 Directions for Future Research: 
This research has successfully compared the similarities and differences between the 
three types of C-BN wheels when used in creep feed grinding mode. The research has 
provided the user the knowledge to choose one wheel over the other in terms of 
surface finish, the power drawn and the forces. In an industry the life of the wheel 
will also impose a constraint on the use of a particular wheel. It would be interesting 
to observe the wear pattern to make a decision based on the cost feasability too. 
CBN wheels require a stabilization process immediately after dressing to open up the 
wheels. Though this research attempted to work on this problem, it could not 
suggest a good stopping point as a rule of thumb. It would be of real significance to 
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understand the time it takes to reach steady state and how it is dependent on the 
severity of the truing and dressing operation and. the cutting conditions used during 
the stabilization process. 
One other important issue for research could be the understanding of the creep feed 
grinding process by studying the chips. A lot of information about different metal 
removing operations are obtained from the chips that the process produces. 
Shaw[43) in his paper had mentioned that the tangential force and the horizontal 
force are not the same in a creep feed grinding process due to the high depths of cut. 
Though preliminary evidence was obtained in our work it would be a worthwhile 
effort to pursue it further to identify the limiting D /d ratio for which this effect 
becomes pronounced. 
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APPENDIX 1 
MATERIAL PROPERTIES 
Tool Steels are used for cutting, forming or otherwise shaping a material into a part 
or component. The earliest tool steels were simple, plain carbon steels. To meet 
increasingly severe conditions of application a number of complex alloy steels were 
develqped containing among other elements, large. amounts of tungsten, 
molybdenum, manganese, vanadium and chromium. 
Tool steels are generally melted in small tonnage electric-arc furnaces t.o economicaly 
achieve composition tolerances and precise control of melting conditions. Special 
refining and secondary remelting processes have been developed to satisfy demanding 
quality . and performance. Tool steels are few exceptions heat treated to develop 
specific combinations of wear resistance to deformation or breaking under high loads, 
and resistance to softness at elevated temperatures. 
High Speed Steels: 
They are used in high speed cuttting tool applications. There are two classifications 
of high speed steels: molybdenum high speed steels (group M) and tungsten high 
speed steels (group T). Here we will disuss about group M steels alone. Molybdenum 
high speed steels contain molybdenum(9-10%), tungsten(l.15-1.85%), chromium(3.5-
4.25%), vanadium(0.95-1.35%}, cobalt(7.75-8.75%) and carbon(l.05-1.15%) · as 
principal alloying elements. Increasing the carbon and vanadium contents increase 
wear resistance; • • 1ncreas1ng the cobalt content • increases red hardness but 
98 
concurrently. lowers toughness. High speed steels usually have resistance to softening 
at high temperatures. The maximum hardness one can achieve with group M tool 
steels vary with composition and section size. Maximum hardness of about 69-70 
HRC is attainable with higher carbon, higher cobalt containing steels like M42. 
Cold Work Steels: 
Because resistance to elevated temperatures is not required for cold working tooling 
applications, the cold work die steels have alloy contents designed to give good wear 
resistance and toughness in various combinations. There are three categories of cold 
work steels; air hardening steels (group A), high carbon high chromium steels (group 
D); and oil hardening steels (group 0). We will limit our discussion to group D type 
of steels. Group D steels contain 1.5-2.35% carbon and 12% chromium; with the 
exception of D3, they also contain 1% moly'bdenum. All group D steels are air 
hardening except D3 and attain full hardness when cooled in still air. These steels 
have high resistance to softness at elevated temperatures. They also exhibit excellent 
resistance to wear, but they are susceptible to edge brittleness due to their high 
carbon content. 
. 
. 
99 
,, 
VITA 
Sekar Sundararajan was born to Ms. Padma and Mr. Sundararajan on the twelfth 
day of October 1964. He graduated from the Indian Institute of Technology, 
Madras, India, in July 1987 witl1 a B. Tech degree in Mechanical Engineering. He 
subsequently joined Lehigh University and is expected to graduate in October 1989 
with a Master's degree in Industrial Engineering with an emphasis in Manufacturing 
Systems. 
100 
